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The contribution of in vivo manipulation of gene
expression to the understanding of the function
of glypicans
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The name glypican identifies a family of heparan sulfate proteoglycans that are linked to the cell surface by a glycosylphos-
phatidylinositol anchor. Members of this family have been identified in Drosophila, zebrafish, and mammals. The interest
in the study of glypicans has increased in the last few years as a result of the discovery that the glypican-3 gene (GPC-3) is
mutated in an overgrowth and dysmorphic syndrome. Despite the increased interest, our knowledge about the function of
glypicans is still limited, since the molecular basis for the role of glypican-3 in the regulation of body size remains unknown.
The in vivo manipulation of glypican expression in lower organisms, however, has demonstrated that these proteoglycans
can modulate cellular responses to Wnts and bone morphogenetic factors . Future studies should investigate whether the

phenotype of GPC-3-deficient individuals is also due to altered modulation of cellular responses to these factors.
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1. Introduction

Glypicans are heparan sulfate proteoglycans (HSPGs) that are
attached to the exocytoplasmic surface of the plasma mem-
brane by a glycosylphosphatidylinositol anchor [1,2]. Although
the degree of amino acid homology between most glypicans
is moderate [3], the location of 14 cysteine residues is con-
served, suggesting that glypicans display a highly similar three-
dimensional structure. Another shared feature of glypicans is
the location of the heparan sulfate (HS) insertion sites, which
seems to be restricted to the last 55 amino acids in the C-
terminus, placing the HS chains close to the cell membrane [4].

To date six glypicans have been identified in mammals
[3-10], two in Drosophila [11,12], and one in zebrafish [13].
During development, glypicans are generally expressed in a
specific spatio-temporal fashion, suggesting that they play a
role in morphogenesis [1,5,6,8,14—19]. The expression of some
of these glypicans has been manipulated in vivo in various or-
ganisms and is shown in Table 1. In this mini-review we will
summarize what we have learnt from these studies with regard
to the function of this family of membrane-bound HSPGs.
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2. Genetic manipulation of glypicans in Drosophila

The first glypican identified in Drosophila was dally. Although
dally-null flies have not been isolated, hypomorphic mutants
have an abnormal cuticle patterning in embryos, and display
defects in several adult tissues, including the eye, antenna, wing,
genitalia, and sensory organs in the wing and notum [11,20]. A
detailed analysis of the phenotype of dally mutants and genetic
interaction experiments have suggested tissue-specific roles of
this glypican in the regulation of Wingless (Wg, a member of
the Wnt family) and Decapentaplegic (Dpp, a member of the
bone morphogenetic protein family) signaling pathways [21—
23]. Specifically, the embryonic and adult wing phenothypes of
dally mutants have been associated with reduced Wg signaling
[21,22], while the abnormalities in the eye, genitals, and antenna
are, at least in part, a consequence of reductions in Dpp activity
[23]. The defects in the sensory organs of the wing have been
associated with defects in both the Wg and the Dpp signaling
pathways [20].

The second glypican identified in Drosophila is called dally-
like (dly). Although the generation of dly mutants has not been
reported yet, RNA interference experiments have shown that,
as it was demonstrated for dally, inhibition of dly expression
produces an epidermal patterning abnormality like that found in
wg mutants [12], suggesting that this glypican is also required
for optimal Wg signaling.
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Table 1. /n vivo manipulation of glypican expression
Species Glypican Type of manipulation Phenotype Reference
Drosophila Dally HM, EE RNAI Altered wg and dpp signaling [21,22]

Dally-like EE, RNAI Altered wg signaling [12]
Zebrafish knypek KO, EE Altered convergent extension [13]
Mice GPC1 nr nr

GPC2 nr nr

GPC3 KO Overgrowth, dysplastic [40-42]

kidneys, skeletal defects

GPC4 nr nr

GPC5 nr nr

GPC6 nr nr

HM: Hypomorphic mutant; EE: ectopic expression; RNAi: RNA interference; KO: null mutant; nr: not reported.

The molecular basis for the regulatory activity of Drosophila
glypicans on Wg and Dpp activity has not been uncovered yet.
However, there is genetic evidence indicating that Wg signaling
is also inhibited in Drosophila mutants with deficient heparan
sulfate (HS) synthesis [12,24-26]. Since Wg and other mem-
bers of the Wnt family can bind to heparin, it has been proposed
that glypicans may directly bind to Wnts via their HS chains
acting as co-receptors for these peptides [22]. This hypothe-
sis is consistent with the finding that inhibition of HS sulfa-
tion blocks Wg activity in S2 Drosophila cells [27]. Although,
cumulatively, it would appear then that glypicans function as
positive regulators of Wnt signaling, it is important to note that
there is also experimental evidence suggesting that the effect
of glypicans on Wnt signaling is concentration-dependent. For
example, ectopic expression of dly in the developing wing disc
leads to an inhibition of Wg signaling [12]. Thus depending
on the level of glypican expression during Drosophila develop-
ment there may be a spatio-temporal variation in the regulation
of Wg signaling.

Dpp plays a critical role in the establishment of dorsal/ventral
polarity in Drosophila. Surprisingly, however, this polarity is
not altered in Drosophila mutants with deficient HS synthesis,
suggesting that at least in the embryo the HS of glypicans are
not involved in the regulation of cellular responses to Dpp [24].

3. The role of the zebrafish glypican knypek

Convergent extension movements during gastrulation narrow
the nascent embryonic axis, elongating it from head to tail.
The establishment of the appropriate cell polarity is critical
for convergent extension, and mutations of proteins that are
necessary for the establishment of cell polarity also affect con-
vergent extension. Large-scale genetic screens have established
that components of the non-canonical Wnt signaling pathway
play a critical role in convergent extension. Interestingly, it has
been recently reported that knypek, a zebrafish protein that dis-
plays ~60% identity with glypican-4 and glypican-6, also reg-
ulates convergent extension movements [13]. Knypek mutants
display impaired movements of convergent extension, which

are associated with failure of mutant cells to acquire polar-
ized cell morphology, and which generate a phenotype that
is very similar to that of Wnt-1]1 mutants. Moreover, double
mutant and over-expression analyses show that knypek po-
tentiates the non-canonical Wnt pathway [13]. Another mor-
phogenetic process that is affected in knypek mutants is head
cartilage elongation. Similar craniofacial abnormalities are ob-
served in zebrafish Wn#-5 mutants, which is another activator of
the non-canonical Wnt pathway. Once again, as it was shown
for dly in Drosophila, the effect of knypek on Wnt signaling is
concentration-dependent, with high levels of knypek exerting a
negative effect [13].

An important difference that has to be noted between the role
of the Drosophila glypicans and knypek is that, whereas in the
fly glypicans seem to act on the canonical Wnt pathway, only
the non-canonical pathway is impaired in knypek mutants. Since
each of these pathways seems to be regulated by particular Wnts
[28], it can be proposed that there is some type of specificity
in the interaction between glypicans and Wnts, and that the
outcome of such interaction will depend on which pathway is
regulated by the particular Wnt involved.

4. Genetic manipulation of glypican-3 in mammals

To date the only mammalian glypican whose expression has
been manipulated in vivo is glypican-3. Undoubtedly the in-
terest in the generation of GPC-3-null mice was triggered by
the discovery that mutations of GPC-3 in humans generate the
Simpson-Golabi-Behmel syndrome [29]. This syndrome is an
X-linked disorder characterized by pre- and postnatal over-
growth, and a broad spectrum of clinical manifestations that
vary from a very mild phenotype in carrier females, to infantile
lethal forms in some males [30]. The clinical manifestations
can include a distinct facial appearance, macroglossia, cleft
palate, syndactyly, polydactyly, supernumerary nipples, cystic
and dysplastic kidneys, congenital heart defects, rib and verte-
bral abnormalities, and umbilical/inguinal hernias [31-34]. In
addition, there is an increased risk of developing pediatric tu-
mors [31,35]. Most GPC-3 mutations identified so far are point
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mutations or small deletions [36—38]. Given the lack of corre-
lation between patient phenotype and the location of the muta-
tions, it has been proposed that the syndrome is caused by the
lack of a functional glypican-3, with additional genetic factors
being responsible for the intra- and inter-familial phenotypic
variation [29]. The generation of glypican-3-deficient mice has
provided strong support to this hypothesis [39—41]. These mice
display several of the abnormalities found in the patients, in-
cluding developmental overgrowth, early lethality, cystic and
dysplastic kidneys, and skeletal defects. Detailed studies of the
kidneys of the GPC-3-null mice demonstrated that from early
stages of development there is a persistent increase in the pro-
liferation rate of epithelial cells in the ureteric bud/collecting
system [39]. This finding suggests that glypican-3 can act as
a negative regulator of cell proliferation, which is obviously
consistent with the general overgrowth in both the patients and
the glypican-3-deficient mice.

Some of the abnormalities found in the patients, such as syn-
dactyly and multiple nipples, suggest that glypican-3 can regu-
late cell survival in certain tissues during development. Exper-
imental evidence supporting this hypothesis has been provided
by the finding that glypican-3 can induce apoptosis in a cell-
specific manner [42].

Some of the clinical manifestations of the patients are simi-
lar to those found in the Beckwith-Wiedemann syndrome [43].
Since over-expression of insulin-like growth factor II (IGF-II)
is thought to be one of the contributing factors in this syn-
drome [44], it was originally proposed that glypican-3 nega-
tively regulates IGF-II activity by competing for IGF-1I binding
with the IGF-I-receptor (the signaling receptor for IGF-II), and
that GPC-3 loss-of-function mutations are equivalent to IGF-1I
over-expression [45]. Further support for this hypothesis was
provided by the analysis of mice over-expressing IGF-II [46].
In addition to some of the phenotypic features of Beckwith-
Wiedermann syndrome, IGF-II over-expressing mice display
skeletal defects that are similar to those found in Simpson-
Golabi-Behmel syndrome. However, the role of glypican-3 as
a competitive inhibitor of IGF-II was put into question by the
finding that it does not bind to IGF-II [47].

To investigate the relationship between glypican-3 and IGF-
IIin the regulation of body size, genetic interaction experiments
were performed by breeding GPC-3-null and /GF-II-null mice
[41]. If overgrowth in the absence of glypican-3 is only due to
an increase in available IGF-II, the phenotype of GPC-3/IGF-
11 double knockouts should be identical to that of single /GF-
II knockouts. However, this prediction was not fulfilled, since
double mutant mice have a body size that is bigger than that
of IGF-II-null mice. Similar observations were made with ad-
ditional double mutants lacking GPC-3 and IGF-I or IGF-I-
receptor, indicating that glypican-3 does not act as a suppressor
of body growth by altering only the interaction of the IGF-I-
receptor with its ligands.

If glypican-3 regulates body size in an IGF/IGF-I-receptor-
independent manner, how can we explain the similarities
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between Simpson-Golabi-Behemel syndrome and Beckwith-
Wiedemann syndrome, and the Simpson-Golabi-Behemel
syndrome-like features of IGF-II over-expressing mice? One
possible explanation is that glypican-3 regulates a signal-
ing pathway that converges with the IGF-signaling pathway
downstream of ligand-receptor interaction. Since, as discussed
above, glypican-3 has been shown to regulate the Wnt path-
way both positively and negatively, could it be possible that
this pathway is the one that converges with the IGF-II sig-
naling system? Future studies will have to investigate this
possibility.

It is also important to note that glypican-3 could also have
an impact on other signaling pathways that do not converge
with the IGF-signaling system. This would be consistent with
the fact that Simpson-Golabi-Behemel patients and the GPC-
3-null mice display severe kidney abnormalities that have not
been observed in mice over-expressing IGF-II.

GPC-3-null mice have also been used to demonstrate that,
like in Drosophila, glypican-3 can regulate cellular responses
to bone morphogenetic proteins in specific tissues. This was
achieved by breeding glypican-3-deficient mice with mice
that were heterozygotes for bone morphogenetic protein-4
[40]. Interestingly, the offspring displayed polydactyly and
rib malformations with high penetrance. These abnormali-
ties were not observed in either parental strain. These results
suggest that glypican-3 modulates cellular responses to bone
morphogenetic protein-4 during limb patterning and skeletal
developmental.

5. Future work

In vivo manipulation of glypican expression has already pro-
vided critical cues towards the understanding of the function of
these proteoglycans. We expect that in the near future the gen-
eration of mice deficient in each of the members of the glypican
family will provide valuable information regarding the speci-
ficity of glypican function. Moreover, the availability of such
mice will allow the generation of double knockouts and, con-
sequently, could unveil potentially overlapping functions of the
various glypicans. Itis important to note, however, that given the
molecular complexity of glypicans, a complete understanding
of glypican function will be required to complement the in vivo
studies with biochemical and cell biology-based approaches.
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